Many bridge bearings suffered severe earthquake loads during the 2011 Great East Japan earthquake; however, no suitable technique exists to evaluate damage to laminated rubber bearings. This paper describes the Acoustic Emission (AE) technique for laminated rubber bearings both for damage assessment after earthquakes and health monitoring of old bridges.
INTRODUCTION
To mitigate earthquake damage to highway bridges, many laminated rubber bearings were installed in Japan following the 1995 Kobe Earthquake. Recently, deterioration of these rubber bearings, which affects the seismic performance of the bridges, has been reported. As many laminated rubber bearings have been used for more than 10 years, they have suffered from various influences such as temperature, environmental aspect, traffic loads, and earthquake ground motions. Thus, damage has accumulated in the laminated rubber bearings as aging degradation. The aging degradation hardens and further stiffens the laminated rubber bearings, which results in less energy absorption and larger earthquake response of the bridges. In the 2011 Great East Japan Earthquake, a fracture in the rubber bearing was reported 1) , 2) . A horizontal rupture occurred in the rubber of the central part of the rubber bearing. Other unfractured rubber bearings in the same regions might have suffered from heavy seismic loadings; however, there has been no measure to assess their inside damage by visual inspection because of their rubber covering.
This study conducted a damage assessment of the rubber materials using an AE method, which is one of the non-destructive forms of testing. An AE parameter analysis was conducted, and the results confirmed that the AE method could detect the propagation of the elastic-wave inside the rubber materials. Microscope observation was also conducted after the test. Furthermore, on-site measurements were conducted at two sites. The AE method proved to be a useful tool for on-site assessment of laminated rubber bearings to detect damage to the bridge after an earthquake occurs.
ACOUSTIC EMISSION METHOD
Acoustic emission (AE) testings are often used for metal 3) , concrete 4), 5) , and other materials 6) . AE sensors are attached at a material surface. If elastic waves are emitted due to the releasing of internal energy, AE signals are obtained, as shown in Fig. 1 .
A sample of AE waves detected is shown in Fig. 2 . AE waveforms that exceed the threshold level are defined as one AE hit. AE energy refers to the area of the waveform and is related to the magnitude of the damage.
The mechanism to detect the damage of rubber bearing is shown in Fig.3 . In the health-type, none or low AE activity might be detected because no void was in the rubber bearing. On the other hand, if a rubber bearing was damaged, voids such as cracks existed in the rubber bearing. Thus, the energy might be emitted while the voids were closed and opened during the loadings.
EXPERIMENTS (1) Laminated rubber bearings
A schematic elevation of the specimen is shown in Fig. 4 and the conditions of the rubber bearing are shown in Table 1 . For all specimens, preliminary loading tests were conducted at the Public Works Research Institute for Cold Region, Japan, as shown in Table 2 before our AE tests.
The AE parameters are dependent on the propagation distance from the installation location of the The void is re-opened 
(2) Loading conditions
Cyclic compressive loading tests simulating the traffic vibration were conducted. The loading conditions are shown in Fig. 6 . First, an axial force of 153.6 kN was applied as the initial surface pressure, which was the dead load equivalent reaction force of the bridge floor slab. Then, the load was increased from 153.6 kN to 167.1 kN, 180.6 kN or 221.1 kN, which were 10%, 20%, and 50% of the initial load, cyclically 10 times.
(3) On-site measurements
The specimens for the on-site measurement are shown in Fig 7 and conditions of the rubber bearing are shown in Table 3 . In this figure, the white arrow is aligned with the longitudinal direction of the bridge and is pointing to the running direction of the vehicles. The laminated rubber bearing of Bridge-A has been in service for 12 years. The shear deformation of the bearing was observed visually. In addition, some horizontal cracks due to ozone degradation were observed at both surfaces of the bridge longitudinal sides. The laminated rubber bearing of Bridge-B has been in service for one year after the seismic-strengthening works. Thus, the laminated rubber bearing is a relatively new one with neither cracks nor shear deformation.
From the visual inspection results, Bridge-A and Bridge-B were assumed as "deteriorated type" and "healthy type," respectively. The locations of the AE sensors are shown in Fig. 8 . The monitoring time of Bridge-A and Bridge-B were 3,000 sec. and 7,230 sec., respectively. This monitoring time was decided by the number of detected AE hits and weather conditions. In Bridge A, the sufficiency number of AE hits was detected at 3000sec. In Bridge B, it could not monitor more than 7230sec because of weather conditions. The threshold level was set to 28 dB based on the preliminary noise check. The threshold level was checked based on whether it can sufficiently detect AE activities. In this monitoring, the AE phenomenon generated by a traffic vibration was measured.
RESULTS AND DISCUSSION
(1) Laboratory test a) AE activity The measured AE activities are shown in Figs. 9, 10, and 11. If the AE count is 1 and/or AE energy is 0, the corresponding AE hits are ignored as noises.
As can be seen from the figures, a lot of AE hits were detected from the Y-5 specimen at each loading test, compared with the results of other specimens. The damage inside the Y-5 specimen was presumed because a preliminary loading test was conducted up to 250% of its shear strain, as shown in Table 2 .
In order to predict the damage area, AE hits at each channel were counted for the Y-3 and Y-5 specimens. The results of the AE activities at each channel are shown in Tables 4 and 5. In the case of Y-3, AE hits were detected only at Ch. 2. The number of AE hits, however, was not as large as that of Y-5. In the case of Y-5, the largest number of AE hits was observed at Ch. 3. Thus, the damage inside the rubber bearing must be near Ch. 3. The damage location from the preliminary test should be near the four corners. However, the exact damage location could not be found by visual observation. If the voids are generated first near the certain corner, the damage tends to converge in the vicinity of that location. Thus, the damage location at Y-3 was near Ch.2, and at Y-5 it was near Ch.3.
b) AE energy
The results of AE energy at Y-3 are shown in Figs. 12, 13, and 14. The amount of AE energy was around 50. The largest AE energy was observed at the results of 50% loading case. However, the number of AE hits that exceeded 100 of AE energy was low. Thus, evaluation of the damage level inside the rubber bearing Y-3 was difficult.
The results of AE energy at Y-5 are shown in Figs. 15, 16, and 17. The AE energy was about 400 at the stage of 10% loading case. At the stage of 20% loading, the largest AE energy was observed. At the stage of 50%, large AE energy was continuously observed.
Additionally, large AE energy was detected at Ch. 3. The damage inside and around Ch. 3 at Y-5 was also indicated from the AE energy. Furthermore, Ch. 1 is located at the same height of Ch.3.
Thus, the elastic waves could be detected also at Ch.1. However, the damage might be near Ch. 3, thus the energy that could be detected at Ch. 2 was lower than that at at Ch. 3.
c) Microscope observation
The specimens were cut after the tests and were observed using a microscope. The cut location is shown in Fig. 18 . Here, the magnification of the microscope was 500. The specimens observed were Y-5, which was estimated as damaged, and Y-6, which was estimated as healthy. Table 4 The number of AE hits at Y-3 specimen.
Sensor No.
Loading condition Table 5 The number of AE hits at Y-5 specimen. The micrographs are shown in Fig. 19 . In the vicinity of Ch. 3 at the Y-5 specimen, several voids were detected in the rubber near the steel plate. It was clarified that a lot of AE hits were detected because these voids had opened and closed during the loading tests.
On the other hand, no voids were detected for the Y-6 specimen. Thus, evaluation of the damage inside the rubber is possible by using the AE method. ergy at Bridge-A and Bridge-B are shown in Fig. 21 . From the results, the AE energy of Bridge-A is also larger than that of Bridge-B. Thus, it is thought that the aging degradation has accumulated in the laminated rubber bearing of Bridge-A. Additionally, large AE energy was detected at both Ch. 1 and Ch. 2. The sources of the large AE energy have two possible locations: one is the surface cracks in the vicinity of the censors Ch. 1 and Ch. 2, and the other is the voids inside the rubber. If the AE sources are inside voids, this bearing should be replaced by a new one; thus, a location analysis will be conducted to evaluate the damage location more precisely in future works.
CONCLUSION
This paper studied the applicability of AE measuring methods on damage assessment of laminated rubber bearings. This nondestructive form of testing was found to be effective for early warning of damage to rubber bearings after earthquakes.
(1) Laboratory test
A lot of AE hits were observed at the Y-5 specimen, which was loaded intensively at the preliminary test. Large AE energy was also observed. In addition, few AE activities were observed at the Y-6 specimen. Then, microscope observation was conducted to confirm the inside damage to specimens Y-5 and Y-6. Voids in the vicinity of Ch. 3 were detected for the Y-5 specimen, which had been evaluated to be damaged from the AE monitoring.
(2) On-site measurement
The characteristic behavior of AE activities was observed from the specimen at Bridge-A, which was assumed as deteriorated-type. In the results at Bridge-B, the characteristic behavior of AE activities was not observed. However, the number of on-site measurement was not enough to prove the effectivity of the monitoring method to detect the damage after the earthquakes. The number of on-site measurements need to be increased in future studies.
